(Received 1 July 2015; accepted 10 September 2015; published online 18 September 2015) We acoustically modulated the localized surface plasmon resonances (LSPRs) of metal nanostructures integrated within microfluidic systems. An acoustically driven micromixing device based on bubble microstreaming quickly and homogeneously mixes multiple laminar flows of different refractive indices. The altered refractive index of the mixed fluids enables rapid modulation of the LSPRs of gold nanodisk arrays embedded within the microfluidic channel. The device features fast response for dynamic operation, and the refractive index within the channel is tailorable. With these unique features, our "acousto-plasmofluidic" device can be useful in applications such as optical switches, modulators, filters, biosensors, and lab-on-a-chip systems. C 2015 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License. Localized surface plasmon resonances (LSPRs) are charge density oscillations which are confined to subwavelength conductive nanoparticles within an oscillating electromagnetic field.
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Associated with LSPR are sharp spectral absorption and scattering peaks as well as strong near-field electromagnetic enhancement. LSPR can play an important role in applications such as ultrasensitive spectroscopy, 4 biosensing, 3,5-7 imaging, [8] [9] [10] nanophotonic devices, [11] [12] [13] [14] [15] [16] medical diagnostics and therapy. 17, 18 Applications of LSPR require active tuning of resonance wavelength as well as high sensitivity to local refractive index changes. Nanostructures of gold and silver are common for LSPR applications, and their sizes, shapes, and morphology have been optimized for LSPR applications. [19] [20] [21] [22] [23] [24] [25] [26] For example, for gold nanospheres of LSPR extinction between 500 and 600 nm, the central wavelength of the absorption peak may be tuned over 60 nm by varying the diameter between 10 and 100 nm. 20 The plasmonic properties of metallic nanostructures are defined upon fabrication. This fixed definition is a hurdle when dynamically reconfigurable functionalities are needed in LSPR-based devices. One solution is to build a multiplexed analysis platform, which exploits LSPR for highthroughput laboratory and clinical settings. 3, 4, [8] [9] [10] Yu et al. designed and fabricated gold nanorod based molecular probes with aspect ratios of 1.5, 2.8, and 4.5 for multiplexed identification of cell surface markers. 27 In a similar strategy, a duplexed sensor featured patterned Ag nano-triangles of two different heights, yielding plasmon resonances at 683 and 725 nm. 10, 28 In these approaches, many samples are fabricated at once by multiplexing techniques, but the fabrication is complex and is suitable only for specific specimens.
The fusion of plasmonics and microfluidics, known as plasmofluidics, has yielded lab-on-achip devices with the advantages of integration and reconfigurability. [29] [30] [31] [32] These plasmofluidic devices feature precise sample delivery and analysis, small sample volumes, and high integration. Moreover, it offers unprecedented ability to tune the device's optical properties (including LSPRs) simply by changing fluids. Here, we demonstrate dynamic modulation of LSPR by integrating acoustics [38] [39] [40] [41] [42] with plasmofluidics. We developed an acoustic-based micromixing technique: millisecond-scale mixing of two laminar streams with different refractive indices. Diffusion across the interface yields localized refractive indices and creates refractive index gradient profiles. 33, 43 A change in environmental refractive index of Au nanodisks fabricated on a glass substrate is induced via acoustically driven oscillating microbubbles trapped in sidewalls of the microfluidic channel. The change can be reversed by turning the acoustic field on and off, resulting in millisecond-scale, repeatable LSPR tuning. By selective mixing of input fluids with different refractive indices, we realized tailorable, millisecond-scale modulation of the refractive index.
Figure 1(a) is a schematic of the experimental setup as well as the working principle of the acoustically driven plasmofluidic device. Gold nanodisks, each of diameter 180 nm and in arrays of period 320 nm, were fabricated on glass substrates by integrating conventional nanosphere lithography. A template formed by the self-assembly of monodisperse nanospheres on flat surfaces acts as an etching/deposition mask, with two types of reactive ion etching processes. 44, 45 A single-layered, Y-shaped (two inlets and one outlet) microchannel (length: 5 mm, width: 120 µm, and height: 50 µm) was fabricated of polydimethylsiloxane (PDMS) by soft lithography and a mold-replica technique. 46 The microfluidic channel periodically featured rectangular cavities. These were activated with oxygen plasma, and were bonded to the glass substrate which supported the gold nanodisk arrays. A piezoelectric transducer (273-073, RadioShack, USA) mounted to the glass slide generated acoustic waves. Once liquid was injected into the channel, air bubbles became trapped within the cavities due to contact line pinning at the leading edge of the cavity when the channel is first filled. When a trapped bubble was exposed to a uniform acoustic field of wavelength much larger than the bubble's diameter, the microbubble oscillated. Viscous damping in the microchannel displaced the oscillating fluid, which induced a steady flow around the air bubble, a phenomenon known as acoustic microstreaming. 47 When the frequency driven by the transducer neared the resonance frequency of the trapped microbubble, the oscillation amplitude of the liquid-air interface was maximized. [48] [49] [50] We exploited this phenomenon to realize rapid micromixing. Fig. 1(b) shows the laminar flow when the transducer was off, and Fig. 1(c) when on. The oscillating microbubbles disrupted the clear liquid-liquid interface and rapidly mixed the fluids. By regulating the fluids of different refractive indices, we modulated the LSPRs of the gold nanodisk arrays.
To demonstrate acoustic mixing, we infused the two inlets with a dye and a buffer solutions, both at 5 µL/min. Once we established a laminar flow (Fig. 2(a) ), the bubbles were actuated at the resonance frequency. The developed microstreaming from the oscillating bubbles disrupted the clear liquid interface and induced mixing (Fig. 2(b) ). We observed upon mixing a significant change in refractive index. Before mixing, the refractive index corresponds to the Z-profile, and the gradient at the interface depends on the flow rate and the miscibility of the two liquids (Fig. 2(c) ). Once the transducer was turned on, the mixing of two fluids yielded a change in volumetric-average refractive index. With the knowledge of refractive index changes which are induced by mixing, we predicted the modulation of the LSPRs.
To demonstrate the micromixing-enabled modulation of LSPR, we used deionized water (H 2 O with a refractive index of 1.33) and calcium chloride solution (CaCl 2 with a refractive index of 1.44 at a concentration of 5 M). A micro-spectroscope (Spectrapro 2300i, Acton, USA) was used before mixing to detect the signal at the CaCl 2 side. Figure 3 shows extinction spectra collected from the region of nanodisk array located beneath the CaCl 2 flow before and after switching the transducer on. The single peak arises from the in-plane dipole resonance of the Au nanodisk arrays. A blue shift occurred after mixing due to the decreased refractive index of the mixed liquid. To relate the peak shift to the micromixing-induced refractive index change, we first calibrated the sensitivity of the Au nanodisk arrays relative to the change in the surrounding refractive index. Calibration was realized by injecting liquids of known refractive indexes into the channel and recording the corresponding extinction spectra. Plotting the peak wavelength as a function of the refractive index of surrounding fluid, we found sensitivity as 120 nm/RIU (RIU: refractive index unit). Second, we calculated the refractive index before and after mixing as 1.44 (5 M) and 1.384 (2.5 M), respectively. The latter comes from the diluted CaCl 2 by assuming that the two flows are of the same volume and are homogeneously mixed. From Fig. 3 , we measured the peak wavelength of the LSPR to be 691 nm and 684 nm before and after mixing, respectively. According to the two data pairs (refractive index: 1.44 and peak wavelength: 691; and refractive index: 1.384 and peak wavelength: 684), we calculated the ratio of the shift in peak wavelength to the change in the refractive index as 125 nm/RIU. The good matching (deviance < 5%) between the calibrated sensitivity (120 nm/RIU) and the calculated ratio (125 nm/RIU) indicates well-controlled, predictable modulations of the refractive indices, thereby indicating modulation of LSPR. Next we calibrated the response speed. Reversible tuning of the LSPRs was achieved by switching the transducer on and off (Fig. 4) . From the close-ups of the parts of the curve (Figs. 4(b) and 4(c)), the response times for the "off" and "on" switching processes were estimated to be 270 ms and 250 ms, respectively. We employed a UV-Vis-IR spectrometer (USB4000, Ocean Optics, USA) to measure the dynamic process. There is an intrinsic signal delay associated with the integration process in the photodetector. The actual response time should be faster than what was measured, and a more-accurate measurement technique based on photodiodes is under development.
In summary, we have modulated the LSPR of metallic nanostructures by acoustically-driven oscillations of sidewall-trapped microbubbles. Our work demonstrates that fluids within microchannels are effective active media for modulating LSPR, by means of efficient acoustic transduction. The modulation range and the spectra bands are flexible, and the response time is on the order of milliseconds. Our hybridized acoustic-microfluidic-plasmonic devices can lead to the development of many reconfigurable optical components such as switches and modulators.
